We investigated the stability of seven Schatzker type II fractures of the lateral tibial plateau treated by subchondral screws and a buttress plate followed by immediate partial weightbearing. In order to assess the stability of the fracture, weight-bearing inducible displacements of the fracture fragments and their migration over a one-year period were measured by differentially loaded radiostereometric analysis and standard radiostereometric analysis, respectively. The mean inducible craniocaudal fracture fragment displacements measured -0.30 mm (-0.73 to 0.02) at two weeks and 0.00 mm (-0.12 to 0.15) at 52 weeks. All inducible displacements were elastic in nature under all loads at each examination during follow-up. At one year, the mean craniocaudal migration of the fracture fragments was -0.34 mm (-1.64 to 1.51).
We investigated the stability of seven Schatzker type II fractures of the lateral tibial plateau treated by subchondral screws and a buttress plate followed by immediate partial weightbearing. In order to assess the stability of the fracture, weight-bearing inducible displacements of the fracture fragments and their migration over a one-year period were measured by differentially loaded radiostereometric analysis and standard radiostereometric analysis, respectively. The mean inducible craniocaudal fracture fragment displacements measured -0.30 mm (-0.73 to 0.02) at two weeks and 0.00 mm (-0.12 to 0.15) at 52 weeks. All inducible displacements were elastic in nature under all loads at each examination during follow-up. At one year, the mean craniocaudal migration of the fracture fragments was -0.34 mm (-1.64 to 1.51).
Using radiostereometric methods, this case series has shown that in the Schatzker type II fractures investigated, internal fixation with subchondral screws and a buttress plate provided adequate stability to allow immediate post-operative partial weight-bearing, without harmful consequences.
Split depression fractures of the lateral tibial plateau (Schatzker type II fractures) 1 can be treated by subchondral screws passed through a peri-articular plate, or used in conjunction with an antiglide plate, which provides better depression stiffness than the classic L-shaped buttress plate alone. 2 The former techniques are gaining in popularity. 3 At present there is no consensus as to the weight-bearing regime that should be followed after fixation of fractures of the tibial plateau. Recommendations vary from non-weight-bearing for 12 to 16 weeks, 4 nonweight-bearing for six to eight weeks, 5 nonweight-bearing prescribed on an individual basis 6 or immediate partial weight-bearing for all patients. 7, 8 Encouraged by the results reported for patients who underwent immediate post-operative partial weight-bearing, 7, 8 our institution has adopted this rehabilitation strategy. However, there are no data on the effects of weight-bearing on the stability of the fracture, or on how early partial weightbearing might affect the stability over time.
For tibial plateau fractures, it has been reported that reduction and the maintenance of reduction of the articular surface to within 2 mm in the craniocaudal direction is anatomical. 7, 9 A residual craniocaudal displacement of the articular surface within 3 mm has also been shown not to influence the outcome. 10, 11 These estimates have been based on manual measurements on plain radiographs, 10, 11 which lack the sensitivity and accuracy to detect fracture migration < 5 mm, [12] [13] [14] [15] and so may be unreliable. In contrast, radiostereometric analysis (RSA) can detect migration of the fragments of a tibial plateau fracture with an accuracy of ± 37 μm and a precision of ± 16 μm, 16 and therefore an overall error of within 100 μm. In addition, RSA can detect rotation of a tibial plateau fracture fragment with an accuracy of ± 0.123° and a precision of ± 0.024°, 16 and hence an overall error of within 0.3°. Another advantage is that by using differentially loaded RSA, 17 fracture fragment movement under load, or inducible displacement, can also be measured in vivo. In this way, RSA studies on small numbers of patients can accurately monitor displacement of fracture fragments under load and migration during healing. Such investigations have the potential to identify improvements in fracture fixation, and also to define safe rehabilitation protocols.
THE JOURNAL OF BONE AND JOINT SURGERY
To date there are no published studies using RSA to investigate the stability of tibial plateau fractures treated by modern methods of fixation. We hypothesised that in Schatzker type II fractures stabilised with subchondral screws and a buttress plate, early weight-bearing did not compromise the stability of the fracture, and that the reduction achieved at the time of surgery would be maintained. The primary aim was to investigate this using differentially loaded RSA in order to measure inducible displacement of fracture fragments under weight-bearing load, and standard RSA to measure migration of the fracture fragments over time. Our secondary aim was to compare the maintenance of fracture reduction over time, assessed using RSA, with results obtained using manual measurements on standard radiographs, as currently used in clinical practice.
Patients and Methods
Between September 2007 and July 2008, the stability of depressed fracture fragments was measured during the course of healing in patients treated at our institution for a split depression fracture of the lateral tibial plateau (Schatzer type II). Of the ten patients treated during this period, seven agreed to participate in the study and were compliant with the post-operative weight-bearing protocol. There were two women and five men, with a mean age of 39 years (25 to 58). Institutional Ethics Committee approval was obtained for the investigation.
All the patients underwent open reduction and internal fixation of the fracture, performed through an anterolateral approach, and all of the fractures had a central depression of the lateral tibial plateau of > 1 cm. Based on radiological assessment, macroscopic appearance and physical characteristics during surgery, bone quality of the proximal tibia was considered to be normal in all patients. Depending on the size of the depressed fragments following their reduction, between two and four subchondral screws were used above an L-shaped buttress locking plate (Synthes Inc., West Chester, Pennsylvania) without bone graft, and all the operations were performed by one surgeon (LBS). Between six and nine tantalum beads (RSA Biomedical, Umeå, Sweden) of either 0.8 mm or 1.0 mm diameter were inserted into the largest central depressed osteochondral fragment and into the adjacent intact tibial metaphysis 16 ( Fig. 1 ). Post-operatively, patients were instructed to partially weight-bear up to 20 kg using crutches for six weeks, and to perform active range of movement exercises of the knee. They were then instructed to progress to full weightbearing over the next six weeks. Radiographs for RSA were performed for all seven patients within two days of surgery and then at two, six, 12, 18, 26 and 52 weeks, and radiographs for differentially loaded RSA were performed at two, six, 12, 18, 26 and 52 weeks in six patients. One patient was unable to balance safely on her own at two weeks so could not participate in differentially loaded RSA at this stage, but participated at the other timepoints. Standard anteroposterior and lateral radiographs of the knee were also taken post-operatively and at six, 12, 18, 26 and 52 weeks. In addition, long-leg standing radiographs were taken at 52 weeks. 18, 19 For the RSA and differentially loaded RSA examinations, a uniplanar RSA set-up was used with two radiographic tubes. 17 A room-mounted unit (Philips Bucky Diagnost; Philips Healthcare, Andover, Massachusetts) and a mobile radiographic unit (Philips Practix 8000; Philips Healthcare) were positioned with a 30° angle between the tubes. The calibration cage (Cage 43; RSA Biomedical) contained two 35 cm × 43 cm high-resolution digital radiographic cassettes with a focal length to the film of 1.5 m for each. The radiographic tubes were exposed simultaneously at 60 Kv and 10 mAs. The exposures were digitised with an AGFA Centricity CR SP1001 processor (AGFA Healthcare, Mortsel, Belgium). Radiographs were analysed using RSA software (UmRSA version 6.0 and UmRSA DICOM link; RSA Biomedical) by an author (SAC).
Radiographs for differentially loaded RSA were taken with each patient standing on a custom-built platform that allowed the knee to be centred over the calibration cage. During this examination, a digital foot scale was used to measure the load applied during weight-bearing. Differentially loaded RSA radiographs were taken with the foot resting on the scale and applying no load (pre-load), followed by radiographs with the patient applying maximum vertical weight-bearing load on the scale as tolerated without pain (loaded) ( Table I) . A final pair of radiographs was taken while no load was applied (post-load). 17 Parallel bars were used by patients for support during the examination to enable 'controlled static' weight-bearing. Inducible displacement of fracture fragments was calculated as the difference in position of the fragments between the loaded and the pre-load radiographs. In order to distinguish whether the displacement of the fracture fragments under load was elastic or plastic, 20 the position of the fragments in the postload radiograph was compared with that in the pre-load radiograph. In order to measure migration of the central fragment over time, the position of the fracture in the pre-load RSA radiographs taken at each review was compared with that in the initial post-operative RSA radiographs. The direction of induced displacement under load and the migration over time of the fractures were reported as craniocaudal for yaxis translations, mediolateral for x-axis translations, coronal plane tilt for z-axis rotations and sagittal plane tilt for x-axis rotations.
Both the differentially loaded RSA and standard RSA examinations identified displacements in each direction of the axes investigated, meaning that some fracture fragments displaced distally whereas others displaced proximally. As both the direction and the magnitude of displacement were thought to be important, the median, range, mean and 95% confidence interval (CI) were reported for both signed and absolute values.
Maintenance of reduction was also assessed by an author (AWS) using plain radiographs measuring depression of the articular fragments, with < 2 mm of depression being considered to be anatomical 10, 11 and < 3 mm to not influence the outcome. 10, 11 Proximal tibial morphology, as a secondary measure of healing, was determined by measurement of change in tibial plateau width 10, 11 and medial and posterior proximal tibial angles. 18 Clinically acceptable limits for these parameters are an increase in tibial plateau width of < 5 mm, 10,11 a medial tibial angle between 85.7° and 88.7° and a posterior proximal tibial angle between 76.5° and 83.5°.
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Results
Radiostereometric measurements of fracture displacement under load. Inducible fracture fragment displacements under controlled static weight-bearing as tolerated revealed that the position of fragments in the post-load examinations was within the error of the method of 100 μm from its pre-load position in all cases at all examinations. Therefore, all inducible displacements were elastic.
Inducible translations of the fracture fragments in both craniocaudal and mediolateral directions were < 1 mm in all knees at each radiological review (Fig. 2) . The mean inducible translations across the knees at two and at 52 weeks using both signed and absolute values are presented in Table II . Inducible rotations of the fracture fragments under load were < 3° in the sagittal plane in all knees and < 2° in the coronal plane (Fig. 3) . The mean inducible rotations across the knees at two and 52 weeks using both signed and absolute values are presented in Table III . Fracture fragment migration over time. At 52 weeks, the central fracture fragments had translated by a mean of -0.34 mm (-1.64 to 1.51) in the craniocaudal direction and 0.11 mm (-2.03 to 1.35) in the mediolateral direction (Fig. 4 , Tables IV and V). The mean coronal plane rotation at 52 weeks was -2.68° (-8.58° to 0.81°) and the sagittal plane rotation was -0.76° (-3.48° to 4.38°) (Fig. 5, Table IV) . Using absolute values, at 52 weeks the fracture fragments had migrated by a mean of 0.78 mm (0.05 to 1.64) in the craniocaudal direction and 0.88 mm (0.06 to 2.03) in the mediolateral direction. The mean absolute rotation at 52 weeks was 2.92° (0.02° to 8.58°) in the coronal plane and 2.29° (0.98° to 4.38°) in the sagittal plane. Fracture fragment migration had stabilised in five knees by 12 weeks post-operatively. Fracture fragments migrated > 1 mm between 12 and 26 weeks in one knee, and > 1 mm in another between 26 and 52 weeks (Fig. 4) .
Manual radiological measurements of fracture migration.
All fractures were considered reduced on the first postoperative radiographs and there was 0 mm of depression of the articular surface at the fracture site at 52 weeks in all cases (Table V) . The width of the tibial plateau increased by a mean of 0.86 mm (-2 to 3) at 52 weeks. The medial proximal tibial angles at 52 weeks were within normal limits in five of seven tibiae and only just out of normal limits (by 0.3°) for two of seven tibiae. The posterior proximal tibial angles were within normal limits in all tibiae. 
Discussion
Our investigation using RSA and differentially loaded RSA to measure fracture displacement under load and over time in seven patients with Schatzker type II split depression fractures of the lateral tibial plateau showed that treatment with internal fixation using a raft of subchondral screws and a buttress plate and partial weight-bearing for six weeks successfully maintained the reduction at up to one year. Inducible displacement of fracture fragments cannot be directly measured by any method other than differentially loaded RSA 17 or a similar technique using RSA, which has been used to assess movements across the fracture site in the distal radius. 21 This method of fixation provided sufficient stability to these fractures to allow immediate post-operative partial weight-bearing, thereby offering considerable benefit to the patient in terms of rehabilitation. We anticipate that in the future, single time-point measurements of fracture stability by differentially loaded RSA in the early phases of healing could be used to predict continued stability or impending failure.
We believe that the study provides proof of this principle, but recognise the limitations due to the small number of patients investigated. By showing the potential benefits of RSA and differentially loaded RSA in monitoring tibial plateau fractures in this exploratory case series, we have demonstrated a new area for research in clinical orthopaedics. As yet, we are unable to define the significance of the small migrations of the fracture fragments we recorded. Clinically relevant thresholds for differentially loaded RSA and RSAmeasured displacement over time need to be determined by larger studies, and such findings will need to be examined in relation to the long-term outcomes of these fractures. The other limitation is that the findings of this study might only be relevant to Schatzker type II fractures treated as described. Graphs showing the overall fracture fragment translation over time in each patient in a) the y-axis (craniocaudal), and b) the x-axis (mediolateral). Based on manual measurements on plain radiographs, the currently accepted limits of tibial plateau fracture fragment migration thought not to affect clinical outcomes are up to 3 mm in the craniocaudal direction and 5 mm in the mediolateral direction. 10, 11 The RSA-measured craniocaudal migration of the fracture fragment corresponds to the articular fracture depression, or step, measured on standard radiographs. Using standard radiographs, no depression was detected, compared to a maximum migration of 1.64 mm found using RSA. Comparison of these data highlights the lack of sensitivity of plain radiological measures, although in this series of successfully treated Schatzker fractures the measurements made on plain radiographs were sufficient to confirm the maintenance of reduction and proximal tibial morphology.
Based on the results of a cadaver model of simple tibial plateau fractures, an incongruency of articular fragments of 0.5 mm or less did not generate increased pressures on the surrounding uninjured cartilage, with significant increases occurring only after displacement exceeded 1.5 mm. 22 In this RSA study, the mean incongruency was 0.34 mm, with a maximum caudal displacement of 1.64 mm, which suggests that in this cohort there will be a low probability of the development of osteoarthritis. However, only with long-term follow-up will we be able to monitor any development of osteoarthritis.
With RSA and differentially loaded RSA, further studies will be important to redefine the acceptable limits of displacement of fracture fragments under load and migration over time. Of note is that the former, as opposed to measurements made using plain radiographs, allows the identification of angular displacement of the relatively small fracture fragments. However, the importance of such displacements is yet to be defined and cannot be correlated with any measurements made on plain radiographs. In one of our patients (patient 6) the fracture fragment rotated 9.99° in the sagittal plane and -11.8° in the coronal plane 12 weeks after fixation, but there was Graphs showing the overall fracture fragment rotation over time in each patient in a) the x-axis (anteroposterior tilt) and b) the z-axis (varus-valgus tilt). 7 and after immediate partial weight-bearing up to 25 kg in 86 of 102 cases of all types of tibial plateau fracture fixed using a range of methods. 8 In both studies, plain radiographs were used to assess fracture reduction and maintenance of reduction. Ryd and Toksvig-Larsen 23 used RSA to measure migration of fracture fragments over time in five tibial plateau fractures treated with screw fixation and plaster immobilisation and non-weight-bearing for three months. The migration pattern during healing was very similar to that in our study, despite our patients commencing partial weight-bearing immediately after surgery.
Using differentially loaded RSA, we have shown that all the central fracture fragments moved minimally under controlled static weight-bearing loads in an elastic manner, confirming successful fixation by the buttress plate and screws. The stiffening over time of the tibial plateau/ internal fixation construct under the loads measured suggests progressive healing of these fractures. Immediately post-operatively, the stability of the fracture fragments when loaded relies entirely on adequate internal fixation. A subchondral raft of screws and a buttress plate in Schatzker type II fractures can withstand loads of up to 35 kg two weeks after fixation. The fractured bone-internal fixation construct was shown to be able to withstand body weight by six weeks after internal fixation. This in vivo investigative technique offers great potential for comparing the effectiveness and outcome of different methods of fixation, and of post-operative rehabilitation regimes.
